Nanocrystalline LiFePO 4 powders were prepared at 660-670 o C in an Ar atmosphere using two different synthetic routes, solid-state and sol-gel. Both materials showed well-developed XRD patterns without any impurity peaks. Particles composed in the range of 200-300 nm from the solid-state method, and 50-100 nm from the sol-gel method, were confirmed through scanning electron microscopy and dynamic light scattering. The LiFePO 4 obtained by the sol-gel method offered a high discharge capacity (153 mAh/g) and stable discharge behavior, even at elevated temperatures (50 and 60 o C), whereas poor electrochemical performance was observed from the solid-state method. Rate capability studies for sol gel-derived LiFePO 4 ranged from 0.2 to 30 C, which revealed excellent retention over 70 cycles with a 99.9% capacity.
Introduction
In the recent past, researchers have focused upon a group of lithium iron-containing compounds that incorporate polyanions of the class XO 4 3− (X = S, P, As, Mo). [1] [2] [3] [4] [5] Among them, LiMPO 4 (where M = Fe, Mn, Co, Ni) groups proved very attractive. The search for lithium metal phosphates as potential cathode materials for lithium secondary batteries is paramount given their low cost, low toxicity, excellent thermal stability, and environmental aspects when compared to the existing commercialized LiCoO 2 .
1, 3) In particular, due to their unique properties, they are very suitable for large-scale lithium batteries in applications related to electric vehicles (EVs), plug-in hybrid electric vehicles (PHEVs), and stationary storage batteries.
Such large polyanions (PO 4 3- ) from the olivine group can stabilize structure through strong P-O covalent bonding and tune the M
3+

/M
2+ redox potential to a useful level via the M-P-O inductive effect. 5) Among them, LiFePO 4 was first proposed by Padhi et al. 1) and has generated much interest over the last decade in the search for desirable cathode materials for the next generation of lithium secondary batteries. LiFePO 4 shows a redox potential near 3.45 versus Li + /Li, with a high theoretical capacity (170 mAh/g), when compared to the proposed alternate cathode materials for LiCoO 2 . However, LiFePO 4 suffers interims of inherent electronic conductivity and poor rate capability, which hinders full-capacity utilization. In order to circumvent these issues, several approaches have been adopted, particularly, controlling grain size, which improves Li + ion diffusion via shortening the path length, 6) conducting surface coatings such as carbon, [7] [8] [9] [10] [11] [12] and metal doping of the Fe sites, 1, 13) all of which improve LiFePO 4 electrochemical performance. Moreover, the synthetic routes include important phenomena in order to achieve the desirable properties. Several methods have thus been proposed to prepare LiFePO 4 , such as solid-state, 14) co-precipitation, 15) hydrothermal, 16, 17) 104 C.G. Son, D.R. Chang, H.S. Kim, and Y.S. Lee and sol-gel methods. [18] [19] [20] Among the procedures, the solid-state method has proved very useful and appealing for mass production on an industrial scale. However, it is not without several disadvantages, such as inhomogeneity, irregular morphology, and larger particle sizes with a broader particle size distribution. While the sol-gel process possesses many advantages, including good stoichiometric control and production of submicron sized particles with a narrow particle size distribution, its synthesis is complex and costly.
In the present paper, we compare two types of synthetic methods, solid-state and sol-gel, which yielded various physico-chemical and electrochemical properties of the final LiFePO 4 powders. We also confirm the importance of determining the optimum synthetic method and conditions for the LiFePO 4 electrode material to give excellent battery performance in the Li/LiFePO 4 system.
Experimental
The nanocrystalline LiFePO 4 was synthesized from
(Sigma-Aldrich, USA), and C 6 H 10 O 4 (Sigma-Aldrich, USA), using either the solid-state (SS) or sol-gel (SG) methods. The detailed synthetic procedures and conditions are described graphically in Fig. 1 . In brief, for the SS method, a stoichiometric amount of each material was ground and calcined at 400 o C for 1.5 h and then again fine ground and fired at 660 o C for 2.5 h in an Ar atmosphere using a tubular furnace. For the SG method, adipic acid was chosen as a chelating agent to prevent agglomeration of the particles during the synthesis. A stoichiometric amount of each material was dissolved in ethanol and thoroughly mixed in an aqueous solution of adipic acid using magnetic stirring and heating. The solution was evaporated at 90 o C for 4 h to form a transparent gel. Then, the gel was transferred into a vacuum oven to generate the precursors. The precursor was initially calcined at 400 o C for 3 h in Ar and the resulting product again grounded using a mortar, and again placed at 670 o C for 5 h under an Ar flow. Powder X-ray diffraction analyses (CuKá radiation) were performed (XRD, Rint 1000, Rigaku, Japan) to determine the crystalline phase of the prepared materials. Particle size distributions were determined using a dynamic light scattering system (DLS-7000(AL), Otsuka electronics, Japan). Particulate morphologies were observed using a field emission scanning electron microscope (FE-SEM, S-4700, Hitachi, Japan). Inductively coupled plasma (ICP)-atomic emission spectrometry (Optima 4300 DV, Perkin-Elmer, USA) was used to study Fe 2+ dissolution in the electrolytes. Electrochemical characterizations were performed using a CR2032 coin-type cell. The cathode was fabricated with 20 mg of precisely weighed active material, 3 mg of Ketzen black, and 3 mg of conductive binder (2 mg of Teflonized acetylene black (TAB) and 1 mg of graphite). It was pressed on a 200-mm 2 stainless steel mesh, which acted as a current collector for the cathodes, under a pressure of 300 kg/cm The LiFePO 4 material obtained by the SG route was composed of small particles ranging between 50-100 nm, when compared to the SS route (200-400 nm). The small particles possess a high surface area; this is one prerequisite for accommodating large levels of Li + ions during the cycling process, which reveal good electrochemical performance of the cell.
Results and Discussion
16-18)
The exact size of the prepared particles by the different methods were calculated by dynamic light scattering (DLS) and presented in Fig. 4 . The majority of the particles lies between 200 to 400 nm for the SS route, whereas < 100 nm was observed for the SG method. Generally, with a solution-based synthesis process such as SG route, the particle size can be effectively controlled introduction of a chelating agent. Nevertheless, in this case, oxidation of iron is much easier than in the solid phase.
23)
Thus, in order to prevent such oxidation, a chelating agent (adipic acid) is necessary during preparation of the precursor gel. Furthermore, chelating agents also hinder particle growth during the calcination process, resulting in a reduced grain size in the resultant material.
24) The DLS measurement results highly parallel the appearance of particles from the SEM observations. temperature. Both the Li/LiFePO 4 cells exhibited typical electrochemical behavior with a long distinct voltage plateau near 3.45 V in the first charge, indicating a phase transition of triphylite LiFePO 4 to heterosite FePO 4 . The LiFePO 4 obtained from the SG route delivered a high initial discharge capacity of 149 mAh/g, while LiFePO 4 from the SS route exhibited a capacity of 126 mAh/g. The high discharge capacity may be due to the presence of a chelating agent (adipic acid). During the calcination process, the chelating agent is converted into amorphous carbon and effectively coated onto the surface of the active particles. 5) There are many advantages of using a chelating agent: (i) effective control of the particle growth to provide high surface area nanoparticles, which leads to accommodation of large amounts of Li + ions; 24) (ii) reduced grains reveal faster kinetics for Li + ions via reducing path length; (iii) enhanced electronic conductivity through surface coating of carbon, which is derived from carbonization of the chelating agent; (iv) prevention of unwanted side reaction with electrolytes through the protective coating of carbon.
25)
Fig . 6 shows the room temperature cycling performance of the Li/LiFePO 4 cells by different methods. As expected, the SG-derived cell showed an excellent cycle performance over 50 cycles. The increasing capacity trend was observed for up to the 3rd cycle, beyond which, it exhibited a perfect cycle performance without any capacity fade (153 mAh/g). The cell experienced a columbic efficiency of > 99.9% for the 50 observed cycles. Though this cell demonstrated excellent cycling performance, the discharge capacity was slightly lower than the theoretical value. Conversely, the SS-derived cell experienced a continuous capacity fade during the cycling, with a reduced capacity relative to the SG-derived LiFePO 4 . The continuous capacity fade arose due to the sluggish Li + ion diffusion kinetics routed through the poor electronic conductivity and dissolution of the Fe 2+ ion from the active material in the electrolyte solution, which is possible due to the presence of HF. The presence of the dangerous HF in all LiPF 6 -based electrolytes is unavoidable. Furthermore, HF content increases due to the hydrolysis of LiPF 6 against the trace amount of moisture present in the atmosphere. [26] [27] [28] The increasing HF content provides poor cycling performance of the cell due toward dissolution of the cations.
27)
The elevated temperature (50 and 60 o C) performances of the cells were demonstrated and given in Fig. 7 . At 50 and 60 o C, the SS-derived LiFePO 4 material exhibited behavior similar to the room temperature profile. However, at elevated temperature conditions, the SGderived LiFePO 4 materials exhibited a stable and perfect discharge behavior. A negligible amount of capacity fade was observed at 60 o C. This type of stability may be attributed to the protective coating of the chelating agent in the form of carbon on the active material surface. This adversely prevents the side reaction with the electrolyte counterparts, especially HF.
29-31)
From the above studies, the SG synthesis of LiFePO 4 demonstrated excellent cycling performance, even at elevated temperature conditions. Further, in order to ascertain the high rate capability of the cell, the LiFePO 4 obtained from the SG route was subjected to different current densities ranging from 0.1 to 30 C, at ambient temperature (Fig. 8) . The cell delivered 162 mAh/g at 0.2 C, with the discharge capacity decreasing with an increasing current rate. At 30 C, the cell exhibited a discharge capacity over 58 mAh/g; this value was one of the better results obtained through the SG process when compared to other reports by Wang et al. 18 ) and Choi and Kumta. 32) In addition, this study was repeated as a function of cycle to ensure the capacity retention of the material prepared. The same results were observed for subsequent testing with 99.9% retention.
To better understand the poor electrochemical properties of the LiFePO 4 obtained from the SS route, the material was subjected to aging tests in the presence of an electrolyte solution (1.0 M LiPF 6 in EC:DMC 1 : 1 v/v with 3.3 ppm moisture level, as per the description given by the manufacturer). An appropriate amount of active material was placed in a Teflon bottle at 30 o C for 10 days under vacuum, along with the electrolyte solution. The experimental setup is graphically illustrated in Fig. 9 . After 10 days, the active material was carefully cleaned and employed for ICP, XRD, surface morphological, and cycling studies. The XRD pattern showed no obvious differences between the before and after aged samples (Fig. 10) . However, the ICP study revealed dissolution of the Fe 2+ ions in the electrolyte (41.88 ppm before and 35.41 ppm after aged) solution. The 15.45% of the Fe 2+ ions were dissolved in the electrolyte solution. As mentioned earlier, the presence of HF in the electrolyte lead to dissolution of transition metal cations.
26-31)
It proved difficult to detect such dissolution by XRD as it was at a very low concentration for the instrumental standards. The dissolution was obviously seen from the surface morphology of the samples and is given in Fig.  11 . From a morphological point of view, the powder-like deposition, along with the active particles, indicated that dissolution occurred during the aging process.
The cycling performance of aged LiFePO 4 was also compared with the pristine material obtained from SS and is given in Fig. 12 . The cycling study reveals the worse performance of the aged material, showing an initial discharge capacity of 92 mAh/g, which is 71 mAh/g less than the material obtained by the SG route. There are two possible reasons for such performances: (i) Fe 2+ dissolution from LiFePO 4 leads to formation of the amorphous phase under these conditions; (ii) dissolution of Fe 2+ by exchange with H + (from HF), which forms the LiH 2 PO 4 phase. 29, 30) Further, the reaction between LiFePO 4 and HF also leads to formation of the H 3 PO 4 phase; however, it may dissolve in the same organic solutions.
30) Moreover, the formation and dissolution processes of the H 3 PO 4 phase does not affect the cell, but rather slows down the transport properties of the Li + ions. The LiFePO 4 synthesized by the SS method behaves totally different than those synthesized by the SG process, which is in good agreement with the earlier reports by Aurbach et al.
30)
Conclusions
To conclude, nanocrystalline LiFePO 4 materials were synthesized under an Ar atmosphere by solid-state and sol-gel routes at 660 and 670 o C, respectively. The Li/ LiFePO 4 cell synthesized by the sol-gel method not only offered a high discharge capacity (> 150 mAh/g), it exhibited excellent cycle retention at various current densities from 0.1 to 30 C. The elevated temperature performances of the cells were also demonstrated, with the LiFePO 4 obtained from the sol-gel method showing superior performance than those from the solid-state method. The presence of chelating agent played a crucial role for such improvement of electrochemical performance in the cell. The aging tests were also conducted to corroborate the worse performance of the material synthesized by the solid-state process. Thus, the nanocrystalline LiFePO 4 synthesized by the sol-gel route is a promising candidate for forthcoming lithium batteries. 
